Additional index words. high performance liquid chromatography, lutein, Solanum tuberosum, xanthophylls, zeaxanthin Abstract. Lutein and zeaxanthin are be com ing established as carotenoids beneficial for protection against common age-associated eye diseases. Thus, 15 potato (Solanum tuberosum subsp. tuberosum L.) breeding lines, cultivars Atlantic, Spunta, and Yukon Gold; and orange flesh OR-4 were surveyed for carotenoid profiles. Seven car o tenoids, including violaxanthin, neoaxanthin, antheraxanthin, lutein, zeaxanthin, -cryptoaxanthin, and -carotene, were identified in the 19 genotypes. Violaxanthin and lutein were the prominent carotenoids detected in all genotypes studied. Neoaxanthin and antheraxanthin were found in 26% and 63% of the genotypes, respectively. -Cryptoaxanthin, zeaxanthin, and -carotene were found in only 5%, 10%, and 16% of the genotypes, re spec tive ly. Lutein varied from 19.8 to 119.0 µg·100 g -1 fresh weight across the 15 white-or yellow-flesh breeding lines. In contrast, zeaxanthin was detected at a low level in only one breeding line and at high level in OR-4. The three cultivars had profiles typical of yellow-flesh potatoes 'Spunta and 'Yukon Gold ; while 'Atlantic had a typical white-flesh profile and a trace of ze ax an thin. The carotenoid baseline data es tab lished in this study provide information for activities to enhance potato for lutein and zeaxanthin.
HORTSCIENCE 38(6): 1173-1177. 2003. dition to those mentioned by Haynes (2000) , with varying intensities of yellow flesh. Haynes (2000) mentioned that interest in yellow-flesh po ta toes in the United States arises from their perceived better taste, improved cooking quality, and higher nutritional value. Yellow-flesh pig men ta tion in potato is controlled by a single gene that is dominant to white flesh (Fruwirth, 1912) , and was subsequently designated Y mapped to chromosome 3 (Bonierbale et al., 1988) . Brown et al. (1993) found the mutant Or in a hybrid population of S. phureja-S. stenotomum that is dominant to the alleles Y and y, which determine yellow and white flesh, respectively. The main effect of Or is to in crease zeaxanthin [2055 µg·100 g -1 fresh weight (FW)] such that tubers have an orange phenotype. The range in lutein in the diploid potatoes segregating for flesh color in Brown s study was 98 to 181 µg·100 g -1 FW. Several other studies also have examined the carotenoid composition of potato tubers.
Using column chromatography, Brunstetter and Wiseman (1947) found that immature tubers of the cultivar Katahdin had total pigments of 3.0 mg dry weight (DW) and, of that, 0.5 to 0.77 mg was lutein. Pendlington et al. (1965) found eight major and four minor carotenoids in six British po ta to cultivars. The eight abundant ones were found in all six cultivars, and it was observed that lutein increased during tuber storage. Iwanzik et al. (1983) reported that total xan tho phylls of 13 yellow-flesh cultivars varied between 27 to 343 µg·100 g -1 FW. The main carotenoid found was violaxanthin, 8 to 244 µg·100 g -1 FW; followed by lutein, 15 to 88 µg·100 g -1 FW; lutein-5,6-epoxide, 2.7 to 51.0 µg·100 g -1 FW; and neoaxanthin, 1.2 to 8.7 µg·100 g -1 FW. Lu et al. (2001) studied 10 yellow-flesh and one white-flesh clones that originated from the same Solanum sp. cross used by Brown et al. (1993) . For the 10 yellow-flesh clones, the levels for lutein and zeaxanthin ranged from 56 to 531, and 5 to 44 µg·100 g -1 FW, respectively. The levels of lutein in these diploid yellow-flesh potato genotypes are considerably high er than in any previous report. Interestingly, total carotenoids, ranging from 283 to 1435 µg·100 g -1 FW for the 10 clones, is higher than the 111 µg·100 g -1 FW for 'Yukon Gold (Lu et al., 2001) . Across the 10 genotypes, the levels of neoxanthin, violaxanthin, and lutein-5,6-ep oxide were generally higher than those re port ed for the German cultivars by Iwanzik et al. (1983) . Since potato is an important world food crop and the carotenoid content may be enhanced through breeding, we carried out an highperformance liquid chro ma tog ra phy (HPLC) analysis of 15 breeding lines, three cultivars, and OR-4 to establish a baseline of the types of carotenoids present, with em pha sis on the status of lutein and zeaxanthin.
Materials and Methods
Fifteen potato lines from the Michigan State Univ. breeding program were kind ly provided by D. Douches. These are all ad vanced breeding lines, 12 of which have yellow flesh and three with white flesh, and represent a range of pedigrees. OR-4, (kindly provided by C.R. Brown, USDA/ARS, Prosser, Wash.), and three cultivars, 'Atlantic , 'Spunta , and 'Yukon Gold , were also studied. These 19 gen o types were planted at the Lake City Experiment Station, Lake City, Mich., in May 2001 and harvested in September. After harvest, the tubers were stored at 4 °C and 95% relative humidity in paper bags. The extraction pro ce dure used was method II-xanthophylls from Brown et al. (1993) with some minor changes. These changes were: first, the tubers in our study ranged in FW from 40 to 100 g, such that one to three tubers of some of the 19 genotypes were needed to yield the 100 g FW. Second, an internal standard was not employed. Third, the tuber pieces were homogenized in the same acetone-ascorbic acid mix used by Brown et al. (1993) , but twice, for 3 min each, and again until the extract was colorless. Fourth, the extracts were redissolved in at least 10-15 mL of acetone and passed through a Millipore 0.22-µm Millex GV filter. Fifth, the extracts were then dissolved in 5 mL of 100% ethanol, fil tered (0.22 µm), and analyzed directly by HPLC or stored at -80 °C for later analysis.
Carotenoid analyses were performed on an automated, HPLC system (Waters, Milford, Mass.) using a Model 717 autosampler, a Model 510 pump, and a Waters 996 Photodiode Array Detector. A C30 column (4.6 × 250 mm; YMC, Inc., Wilmington, N.C.) with 5-µm par ti cle size and 120 A was used, as it effectively distinguishes similar geometrical structures of carotenoids (Taungbodhitham et al., 1998) . The guard column (4 × 23 mm) used was a YMC S-5. The mobile phase was 89: 11 MeOH/methyl tert-butyl ether (v/v) with a flow rate of 1.0 mL·min -1 (Lessin et al., 1997) . Isocratic elution was used, as we found no difference between it and gradient elution in preliminary studies. Detection for carotenoid In regard to human health and car o tenoids in the diet, more recent attention has focused on lutein and zeaxanthin and their role in protecting against age-related macular de gen er a tion (AMD) (Curran-Celentano et al., 2001; Mares-Perlman et al., 2002) . While ep i de mio log ic evidence indicates a role for these two car o tenoids in eye disease, ac cord ing to MaresPerlman et al. (2002) the overall ev i dence is still lack ing to support increased consumption of lutein and zeaxanthin for a health benefit. These two carotenoids join the established and con tinu ing emphasis placed on pro-vitamin A, prin ci pal ly -carotene, play ing a key role in vision health. Also, lycopene is recommended for human diets, principally through consumption of to ma to-based prod ucts for reduction of pros tate cancer, although it is not established if ly co pene or mi cro n u tri ents provide the benefit (Giovannucci, 1999) . Continued expansion of our understanding of the importance of car o tenoids in human health supports the pro mo tion of increased con sump tion of fresh fruits and vegetables, based on reduction of car dio vas cu lar diseases, some cancers, and macular degeneration (Mayne, 1996) .
Potato is the most important non-ce re al food crop in the world, but efforts to change the nutrient composition of potato through breeding or genetic engineering lag behind those focused on agronomic practices. Yellow-fleshed potatoes are generally char ac ter ized by higher contents of lutein, violaxanthin, and total caroteniods. Such po ta to cultivars were first accepted by European consumers. In the United States, there are now many potato cultivars, in ad-peaks was in the range 350 to 550 nm.
Carotenoid standards: -carotene (Sigma), -cryptoxanthin, zeaxanthin, and lutein (Roche, France); and antheraxanthin, neoxanthin, zeaxanthin, violaxanthin, and -carotene (DHI, Denmark) were used to es tab lish the calibration curves. The identification of carotenoids was confirmed by their spectral characteristics, absorption maximum, re ten tion time, fine structure, and by spiking of sample peaks with carotenoid standards (Britton et al., 1999) . Waters Millenium soft ware was used to match all characteristics. For quantitative determination, appropriate stan dards (zeaxanthin, 0.705 mg·L -1 ; lutein, 0.082 mg·L -1 ) were run prior to each set of samples. Quantitative data were calculated from peak areas by using the Lambert-Beer law.
Fresh tubers of each genotype were extract ed 5 to 6 times. Each sample was injected on the HPLC system a minimum of 3 times. Data are reported as the mean of each line +SE (Table 1. ).
Results and Discussion
Seven carotenoids, as verified by con trasts to standards, were detected in the ex tracts of the 15 breeding lines, three cultivars, and OR-4 (Table 1and Fig.1 ). Lutein-5,6-epoxide was not in clud ed in our study. Violaxanthin and lutein were the prominent carotenoids as both were found in all genotypes studied. In the six white-flesh lines, violaxanthin ranged from 3.1 to 28.8 µg·100 g -1 FW, with a mean of 12.7 µg·100 g -1 FW, while in the eight yellow-flesh lines, the range was higher, from 41.8 to 124.3 µg·100 g -1 FW, and the mean was 68.5 µg·100 g -1 FW. Violaxanthin was likewise the prominent car o tenoid found by Iwanzik et al. (1983) in 13 yellow-flesh cultivars. In contrast, the diploid yellow-flesh clones studied by Lu et al. (2001) averaged just slightly higher in lutein-5,6-epoxide, 231.1 µg·100 g -1 FW, compared to violaxanthin at 227.9 µg·100 g -1 FW. Lutein ranged from 19.8 to 119.0 µg·100 g -1 FW across the 19 genotypes, and averaged 44.8 and 57.0 µg·100 g -1 FW for the whiteand yellow-flesh cultivars, respectively. The range for lutein was 34 to 86 µg·100 g -1 FW; which is similar to that reported by Iwanzik et al. (1983) , but they had one cultivar with a lower reading of 15 µg·100 g -1 FW. Brown et al. (1993) re cord ed both a broader range and one clone with lutein at 181 µg·100 g -1 FW. Lu et al. (2001) reported a still higher average, 179 µg·100 g -1 FW lutein, and peak level of 531 µg·100 g -1 FW. The latter value was 4.5 fold higher than we observed, and 3-fold higher than that of Brown et al. (1993) . Neoaxanthin and antheraxanthin were found in 26% and 63% of the genotypes, respectively, while -cryptoaxanthin, ze ax an thin, andcarotene were only found in 5%, 10%, and 16%, respectively, of all genotypes examined. In general, the levels of zeaxanthin and lutein we observed in the tetraploid breed ing lines were lower than those reported for the diploid clones (Lu et al., 2001) . Whether high er xanthophyll values can be achieved through breeding and selection within tetraploids vs. an apparently easier means using diploid clones remains to be resolved.
'Yukon Gold (YG) was included in the analysis as it is the first yellow-flesh cultivar introduced to North America, and is now widely accepted in the United States. YG thus provides a baseline for comparisons of yellow-flesh clones and cultivars in potato carotenoid stud ies. The carotenoid profile observed for YG was similar to that found by Lu et al. (2001) , but neoxanthin was not detected and lutein was 2-fold the level of 23 µg·100 g -1 FW found previously (Table 1) . Still, total car o tenoid levels for YG were 111 herein and 113.6 µg·100 g -1 FW by Lu et al. (2001) . Com par i sons to the results of Lu et al. (2001) need to consider that a C18 column with an isocratic mobil phase mixture of methylene chloride-methanol was used, and xanthophylls quantified as lutein equivalents. That the re sults reported herein are similar to those of Lu et al. (2001) suggest that differences in cul ti vars are most likely related to the samples and not the analytical methods. OR-4 had the high est total carotenoid level (Fig. 1) , slightly >3-fold more than the next highest genotype, J132-1Y. However, the content of lutein 82.8 and zeaxanthin 476.3 µg·100 g -1 FW for OR-4 were much lower than those reported by Brown et al. (1993) for the original orange parent D6.11 and the mean values for orange x white backcross segregants they studied. Yet, the levels of zeaxanthin and lutein detected here in, principally the latter, are sufficient to yield orange-pigmented tubers; thus confirming the observations of Brown et al. (1993) . In ter est ing ly, we found other carotenoids present in OR-4 in addition to lutein and the high levels of zeaxanthin previously reported in orange potato genotypes (Brown et al., 1993) . OR-4 also has high contents of violaxanthin, 20-fold more antheraxanthin than the next highest genotype, -cryptoaxanthin, and a small quan ti ty of -carotene (Table 1 ; Fig. 1 ). While zeaxanthin is the principal carotenoid con di tion ing orange pigmentation in the orange-flesh genotypes, the former two carotenoids also contribute significantly to the total con tent and thus to the orange phenotype.
The three commercial cvs. Atlantic, Spunta, and YG had carotenoid profiles typ i cal of white-and yellow-flesh potato cultivars, except YG had a minor amount of zeaxanthin, as mentioned previously. Recognizing that the appearance of white vs. yellow flesh is hard to state subjectively, the paradox in this study is MSU genotype J132-1Y, a white-flesh line that would have been expected to have at least light yellow flesh, based on total car o tenoid contents. This line had the highest lutein content, 119 µg·100 g -1 FW, relatively high violaxanthin, and the second highest total car o tenoid content. J132-1 is an F 1 derived from the cross Lenape x Zarevo. Interestingly, the cv. Atlantic studied here also has in common 'Lenape as a parent, but while 'Atlantic and J132-1 have the same two major carotenoids, violaxanthin and lutein, they are present in the former cultivar in much lower levels. HPLC analysis of the parents of 'Atlantic and J132-1 may reveal the origin of these profile dif fer enc es.
Except for MSU-J132-1Y, all white-flesh lines in the breeding program studied had a total carotenoid content ranging from 37.6 to 86.9 µg·100 g -1 FW for H031-5 and J168-2Y, re spec tive ly, while the yellow-flesh lines ranged higher, from 107.5 to 260 µg·100 g -1 FW for J033-6Y and E048-2Y, respectively (Fig. 1) . This confirms the observations by Lu et al. (2001) , where a diploid white-flesh potato clone stud ied had total carotenoids of 100 µg·100 g -1 FW, and the range for the 10 diploid yellow-flesh clones was from 136 to a much higher level of 1435 µg·100 g -1 FW. In summary, lutein and zeaxanthin were the carotenoids of particular interest in our study in view of their potential health benefit protection for AMD. The new advanced tech nol o gy to measure levels of these two car o tenoids in the retina in vivo should create information on the levels needed for eye health (Mares-Perlman et al., 2002) . Lutein varied significantly among the 15 lines, while ze ax an thin was observed only in one line and at a low level. Potato can be enhanced for carotenoids, and lutein is known to be correlated with yellow flesh such that indirect selection for its increase, as opposed to tedious and expensive HPLC anal y ses, is possible (Lu et al., 2001) . Zeaxanthin, on the other hand, would need to be increased through use of diploid genetic stocks carrying the Or gene (Brown et al., 1993) . The introgression of this diploid germplasm to the cultivated tetraploid level could easily be achieved if 2n gametes occur. Not to be over looked, from the nutrition health viewpoint, is -carotene. It has been reported only twice (Brunstetter and Wiseman 1947; Iwanzik et al., 1983) prior to this study in potato and only in small amounts. Whether lutein, zeaxanthin, andcarotene profiles can be enhanced in potato remains to be determined. The baseline data we have established provides a starting point for such nutrient enhancement in potato.
